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The effects of endurance training upon size and 
number of epididymal fat cells were investigated in 63 male 


£ 
rats during two successive eight week growth periods, from 
7 to 16 weeks and from 16 to 24 weeks of age respectively. 
The period prior to 16 weeks of age, was considered a 
developmental period during which time the number of mature 


fat cells is stibk subject to change. The second period 


was a post-development period. 


£ age, were placed in each of 
7 groups: group I was sacrificed initially; groups 5 and 
SS were sedentary and groups T and TY were trained on a 
treadmill until 16 or 24 weeks respectively; group ST was 
trained only during the post-development period, while 
group TS was detrained during this period. The caloric 
intake of all sedentary rats was restricted to that Ole Lne 
training groups. Body weight, pad weight, fatness index 
(mg epididymal fat/g. body weight) and pad lipid content 
were determined. Suspensions of fixed, isolated cells, 
were used for microscopic measurement of cell diameter. 


Cell number was determined indirectly from the lipid con~ 


tents of mean cell and whole pad. 
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Between 7 and 16 weeks of age, cell volume increased 


= j 


2 - fold in trained rats and 4 - fold in sedentary rats, 
whiie cell number showed slightly greater than a 2 - fold 


increase in both groups. Training, whether early (T), lat 


wy) 


(ST) or coptinuouse (TT), didsnok significantly affectyrceil 
number, ae was effective in maintaining or reducing cell 
velume to a level approximately half of that found in 
sedentary rats. Detraining was accompanied by a return of 
cell size to sedentary levels, so the effects of early 


training were not sustained. 
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CHAPTER I 
STATEMENT OF THE PROBLEM 
Introduction 


White adipose tissue is by far the largest of the energy 
depots in the body, but whether it functions efficiently as a 
metabolizable energy store, or whether it merely contributes 
to obesity, appears to be a function of the two component 


parameters: fat cell size and number. 


The primary impetus to the cascade of research into 
the significance of adipose tissue morphology was the dis- 
covery by Rodbell (1964a) of an effective procedure for 
isolating viable fat cells from the quantitatively significant 
stromo-vascular component. Since that time, two basic, but 
related, lines of research have been followed: the first 
concerned with the significance of size to the metabolic 
potential of the cell, and the second with the chronological 
development of the tissue and the factors which might induce 


cell size or number changes during certain critical periods. 


Studies of lipid deposition and mobilization in iso- 
lated fat cells have indicated definite efficiency advantages 


in maintaining cell size within functional limits. When 
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specific doses of hormonal regulators were applied to sus- 
pensions containing a given quota of cells, large cells 
were found capable of metabolizing more lipid than smaller 
ones, but when the response was determined per unit of 
stored fat, the metabolic capacity of the smaller cells was 
considerably greater (Nestel, Austin and Foxman, 1969; 
Therriault, Hubbard and Sicaliaiay 1969; Greenwood, Johnson 
and Hirsch, 1970; Bjorntorp and Karlsson, 1970; Goldrick 
and McLoughlin, 1970; Salans and’ Dougherty, 1971; Hubbard 
and Matthew, 1971; Zinder and Shapiro, 1971; Smith, 1971b; 
Hartman et al., 1971; Bjorntorp and Sjostrom, 1972). Thus, 
if cell number is fixed, a greater absolute response can be 
obtained from large celis, but the efficiency of the response 


is considerably greater in smaller cells. 


Goss (1964, 1966, 1967, 1970) has examined the 
whole question of hypertrophy versus hyperplasia in biolo- 
gical systems, and has hypothesized that the degree of 
hypertrophy which a cell can undergo, without APTentsien 
in functional returns, is largely determined by certain 
critical ratios in the cell. The ratios considered crucial 
by Goss, to the control and efficiency of the cell as a 
unit, are the nucleo/cytoplasmic ratio and the surface 
area/volume ratio of the cell. In fat tissue, the ratio of 
protein to lipid volume (Goldrick, 1967a) or, perhaps more 


precisely, the ratio of active protein to surface area of 
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the central lipid droplet, would also be important. 


The size of fat cells in various adipose depots has 
been examined in both humans (Hirsch, Knittle and Salans, 
HoGh Brook, 1970 Bonnet et al., 1970) and in animals 
(Hirsch and Han, 1969; Hubbard and Matthew, 1971; Johnson 
and Hirsch, 1972) as a function of age. Cell size has 
also been studied in obese humans (Hirsch, Knittle and 
Salans, 1966; Hirsch and Knittle, 1970; Bray, 1970; 
Englhardt et al., 1971) and in experimental animals in 
response to cold exposure (Therriault, Hubbard and Mellin, 
1969), physical training (Palmer and Tipton, 1972) and 
various dietary manipulations (Peckham, Entenman and 
Carroll, 1962; Knattle and Hirsch, 1968; Hirsch and Han, 
1969; Hollenberg, Vost and Patten, 1970; Salans, Horton 
and Sims, 1971; Hubbard and Matthew, 1971; Johnson and 
Hirsch, 1972; Romsos and Leveille, 1972). All of these 
stimuli significantly affected adipocyte size, thus indi— 
cating that size is a labile property of the cell in both 
animals and humans. Starvation, cold-exposure and physical 
training, all of which create an energy requirement, were 


associated with reduction in fat cell size. 


Results in terms of cell number have been somewhat 
less definite. The studies of Enesco and Leblond (1962) 


have indicated that most organs and tissues of the rat 
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acquire their full adult censtenenevery early in life. 
Results with adipose tissue have shown the same pattern 
(Knittle and Hirsch, 1968; Hirsch and Han, 1969). Studies 
wath humans (Bray, 1970; Byorntorp and Sjostrom, 1971; 
Englhardt et al., 1971) and with animals (Jchnson and 
Hirsch, 1972) have shown that certain extreme states of 
obesity in the adult are associated with a much expanded 
fat cell complement. aeeaner. in normal animals, the 
final adult quota of fat cells has proved remarkably 
resistant to experimental adjustment. The only functional 
stimulus which has been found effective in modifying adult 
fat cell number has been undernutrition in rats less than 
three weeks of age (ie, pre-weaning animals) (Knittle and 
Hirsch, 1968). The effects of other stimuli have not 


been investigated in rats at this young age. 


Rationale Behind the Study 


From the foregoing discussion, it would appear that 
a large number of small cells would be advantageous in an 
animal which was required to store and mobilize, rapidly 
and frequently, large amounts of lipid. Such would be the 
case in rats undergoing daily endurance training, since 
lipids provide the major source of energy for working mus- 
cles (Cobb and Johnson, 1963; Havel et al., 1964; Issekutz 


yf - 


and Paul, 1966). -Palmer and Tipton (1972) have found a limit- 


ing effect of training upon cell size in rats, but no studies 
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on cell number have yet been xeported. 


In a static organ or tissue, such as adipose tissue, 
a cellular commitment is irreversible; cells, once formed, 
remain for the life-span of the organism (Goss, 1970). 
Consequently, an animal might be extremely reluctant to 
compensate for a functional overload, which may prove 
transient, by a local change in the proliferative response. 
If additional fat cells were formed in response to training 
during an early developmental stage, and the lipid energy 
demand then fell, as in a subsequent detraining period, the 
large cell complement would provide the potential for 


development of more extreme states of obesity. 


The use of experimental animals. The use of experi- 
mental animals, in the study of adipose tissue morphology, 
has been necessitated by the tremendous obstacles which 
restrict the use of human subjects. Human studies have 
obvious advantages since the generalizations which can be 
made, from a small rodent with a high metabolic rate and a 
short life-span, to man, are obviously limited. However, 
the factors which affect the development of adipose tissue 
have been more fully researched, and are better understood, 
in rats than in man. Moreover, the critical periods in 
growth are much more clearly defined, so experimental treat- 


ments can be more meaningfully applied and evaluated. © 
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Purpose of the Study 


The purpose of the study was to determine the ef- 
fective capacity of daily endurance training to modify the 
size and number of fat éais. in the epididymal pad, at 
various stages in the growth of the rat. Endurance train- 
ing programs were conducted both before and after the 
developmental period. The effects of a continuous training 
program, and of post-developmental detraining, were also 


examined. 


Limitations and Delimitations of the Study 


1. The study was confined to the epididymal fat pads of male 


Wistar rats between the ages of seven and 24 weeks. 
2. Only one intensity of endurance training was used, and 
some trauma could have resulted from the presence of the 


electrical shocking device on the treadmill. 


3. The methods used for cell counting were indirect and 


consequently subject to some error. 


4. Only crude estimates of food intake were obtained. 
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CHAPTER II 
REVIEW OF THE LITERATURE 
Significance of Adipose Tissue as an Organ 


Forty years ago, adipose tissue was thought to be a 
connective tissue filled, by chance, with droplets of fat 
(Wertheimer, 1965). The tissue was considered devoid of 
nerves and sparsely Supplied with blood vessels. The as- 
cribed functions were the completely passive ones of 


insulation and padding. 


Today, adipose tissue is considered, by many, as 
an organ in its own right, embryologically differentiated 
(Wasserman, 1965). In homoiotherms, it has an active 
thermogenic function and Vague and Fenasse (1965) have 
implied that it may be assuming some of the duties of the 
liver. As an active center for energy homeostasis, it 
assumes central importance in some of the present~day 
problem diseases such as obesity, diabetes and athero-~ 
sclerosis (Gordon, 1970; Bjorntorp and Ostman, 1971). The 
rich innervation and blood supply enable precise neural- 
hormonal control of lipid deposition, mobilization and 


turnover, and permit response to such stimuli as caloric 
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intake, diet, cold and cold acclimation, mental and emotional 
strain, and exercise (Wertheimer, 1965). In prolonged exer- 
cise, lipids form the major source of energy for the working 
muscles (Cobb and Johnson, 1963; Havel et al., 1964). In 
relation to its protein content, adipose tissue is metaboli- 
cally more active than liver (Hausberger et al., 1954) and has 


greater vascularity than muscle (Gersh and Still, 1945). 
Genesis, Histology and Compartmentation in Adipose Tissue 


Several different views on the origin of adipose 
@icsueware istilljheid.| Napolitano @(1965)9, on ithe basis: of 
electron microscope studies, adheres to one of the early views — 
of Fleming that the primitive white fat cell is "indistin- 
guishable from the typical fibroblast." Wasserman (1965) 
and Simon (1965), however, using the light and electron 
microscope respectively, have concluded in favour of an 
origin from perivascular reticulo-endothelial cells; Simon 
favours a reticular and Wasserman an endothelial, origin. 
Both authors consider the penetration and ramification of 
blood capillaries within the primitive mesenchymatous 
lobules to be an essential precondition for the deposition 
of fat in the cells.” This anlage of sat lobules seems to 
be the same in all vertebrates studied, including the rat 


and man (Wasserman, 1965). 


Simon (1965) has described the primitive adipogenic 
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reticular cell as having an elongated nucleus, and scant 
basophilic cytoplasm. When lipids begin to accumulate, 
they appear in the cytoplasm as numerous small inclusions 
(liposomes). These liposomes soon fuse and form large 
globules around the nucleus, which still occupies a central 
location in the cell. With further maturation, the lipid 
droplets coalesce to form a large central lipid cake, forc- 
ing the nucleus to the periphery and giving the typical 
"signet-ring" appearance to the cell (Napolitano, 1965). 
The cytoplasm which surrounds the nucleus and forms a thin 
rim around the spherical fat-cake, contains mitochondria, 
microsomal material, glycogen and liposomes (Simon, 1965; 
Angel, 1970). Enclosing the cell contents is a plasma 
membrane and a basement membrane, surrounded by a network 
of collagen fibers (Napolitano, 1965). The central fat 
cake is believed to be a relatively inert storage compart- 
ment, while the cytoplasmic compartment, containing the 
organelles and liposomes, is metabolically very active 
(Hirsch et al., 1960; Jeanrenaud, 1961; Wertheimer, 1965; 


Angel, 1970). 


Distribution and Function of Fat in the Body: Age, Sex and 


Species Differences 


The intermittent eating habit of most animals has 
posed the problem of temporarily storing much of the energy 


ingested as food. In the steady-state, about 30 per cent 









t 


* 


— SUS OE TSAR ORO. Gy SUR) DE: i re Tea 
; Pear . nm a we * bt 
vir OT GE RS SNe. MA VR yee ol tee 


. 


P ENO OMI D6 EUROS ie sah: ont” Sk cae eee 


if } - ale cc ,*¢ 14 J “Oe ni ir B 4 ie Disa. 2 : 


. . + ieee 


oy 


‘ 
\ 
‘ 
a 
‘ 
a) 
> | 
* 
4 
ae! 
‘ 
3 
he] 


fis LW j Gi é 
= 
re dy - i 
+ 4 = ‘ ‘ w 
te SF : 
& 
- ™. be . 
' 4 ud & i : = z 
a 
F 4 uM * 
= rei i 4 Jivwe hie 
* 
, > 
. ee => 
’ ' } 
7 oa f 
; ; F re ee: 
oe ‘iEmnistsd We 
, me) 
= + 
. é f 3. is 
- “© ¥ . 
vat: > 5 
Sialest. 6,90 aos bavesr 
7 + “ 
eit <- a3 ve ¢ Ld 
¢ m tbe <i , a! PALSUNMSS?. WL Peis aS? VS eee Tinw 





Q BY4508 .yiev yile». lodesem igi, 2emoeogil. Bee aX 






i Peel (eerheiti1oN" z Le p 
* ' ¥ a 
7 : 2 d= iy « 


rd 





10 
of all the carbohydrate ingested is temporarily converted to 
fat (Wertheimer, 1965), which not only occupies less volume 
but also weighs much less, per calorie of stored chemical 
energy, than does carbohydrate or protein (Weiss-Fogh, 1967). 
As the caloric input increases, this proportion may be 


greater than 30 per cent. 


The white adipose tissue of most mammals is either 
subcutaneous or "deep." The deep fat is primarily peri- 
vascular, peritoneal or intermuscular and exists as distinct 
pads, while the subcutaneous fat is more fibrous and lobular, 
and lies between the skin and the superficial fascia. 
Despite the fact that considerable overlap occurs in the 
functions of the various depots, some adaptation to speci- 
fic functions is reflected in structural and compositional 
differences (Di Girolamo and Mendlinger, 1971; Johnson and 
Hirsch, 1972), as it is doubtful whether any one fat type 
or site could be considered truly representative of body fat 


in general. 


Subcutaneous fat has appeared in evolution simultane- 
ously with the appearance of homoiothermy (Wertheimer, 1965) 
and is most abundant in those mammals which lack fur or hair 
or which have become acclimated to the cold (Vague and 
Fenasse, 1965). In man and in the rat, subcutaneous fat 
comprises more than half of the total adipose mass (cited by 


Keys and Brozek, 1953), but the fraction may not be constant. 
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Tn humans, the extent and location of the subcutaneous de- 
position varies widely with sex, age and activity (Keys and 
Brozek, 1953; Vague and Fenasse, 1965). A passive insula- 
tory role has been accredited to the tissue, but evidence 
Elieowpexicts €or an active,calorigenic, function. In this 
respect, an electric blanket analogy has been applied to 


the layer of subcutaneous fat. 


The various adipose types and sites may not respond 
equally to applied metabolic stimuli. In general, internal 
depots appear to be more active metabolically than subcu- 
taneous fat, which in turn is more active than fat with a 
primary supportive function (Wertheimer, 1965; Goldrick, 
1967b). Preferential use of hump fat by camels on long 
trips, and of deep rather than subcutaneous fat in hiber- 
nating animals, as well as resistance to mobilization of 
the ethnic steatopygias of African Bushmen and Hottentots, 
all exemplify the capacity for differential metabolic 


activity in the various fat depots. 
The Epididymal Fat Pad of the Rat 


Since the rat is a small animal with a life-span less 
than two years and a high metabolic rate in relation to 
total fat stores (Bjorntorp and Ostman, 1971), obvious ques- 
tions could be raised regarding the degree to which rat 


tissue is representative of fat tissue in man. However, 
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12 
the use of larger animals, or of human subjects, introduces 
severe legal, practical and experimental restrictions. A 
biopsy technique (Hirsch et al., 1960) can be used to obtain 
human samples under experimental conditions, but the 
validity of generalizing from one small, subcutaneous 


biopsy specimen to the total adipose mass, is questionable. 


The metabolic responses of rat epididymal fat are, 
in some respects, both qualitatively and quantitatively 
different from those of human tissues (Bjorntorp and Ostman, 
1971), but the morphology and growth patterns have borne a 
much closer resemblance. Consequently, rat phe pcriglie ss 
been used in numerous studies of adipose tissue morphology. 
The epididymal pads have proved the most popular because 
they are metabolically active and are easily located and 


removed in toto from the body. 


Jeanrenaud (1961) has cited evidence that the left 
epididymal pad is metabolically more active than the right, 
and consequently, the vast majority of researchers have 
shown a preference for the use of the left pad in metabolic 
studies. Hirsch and Han (1969), however, have reported no 
differences between the right and left pads with respect to 
pad weight, cell size and cell number, but the comparisons 
were made on group means. Studies in this laboratory have 


indicated that, for an individual animal, the larger pad may 
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ce3 
be as much as 25 per cent heavier than the smaller one. 
Differences in either cell size or cell number presumably 
must account for most of the weight difference. Conse- 
guently, it would seem preferable, in morphological studies, 
to choose either the larger or the smaller pad, rather than 
the left or the right, thus reducing the between animal 


variation. 
Classification of Tissues: Expanding, static, renewing 


All embryonic tissues and organs are constantly 
expanding, because both daughter cells, froma eonate cell 
division, continue to divide (Enesco and Leblond, 1962). 

As development progresses, however, the daughter cells may 
either retain their germinal properties, differentiate but 
remain able to divide, or differentiate and lose mitotic 
Capacity (Lehnmiller, 1971). These alternative proliferative 
responses have prompted Messier and Leblond (1960) to 
classify adult tissues as either static, expanding or re- 
newing. The characteristics of each type have since been 


extensively detailed by Goss (1964, 1967, 1970): 


(i) Static tissues are those in which all cells dae 
ferentiate and in so doing lose the capacity to divide 
beyond late embryonic or early childhood stages. The 
majority of cells live as long as the organism, but if the 


life-span is extended, as in humans, then those cells which 
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die prematurely do so without replacement. Classically, this 
group has been represented by nerve, skeletal and cardiac 
muscle fibers, but fat cells probably also belong (Goss, 1966; 
Hirsch and Han, 1969; Hollenberg, Vost and Patten, 1970). 

The inability of differentiated cells to divide appears to 

be correlated with the storage in the cytoplasm of 
specialized end-products, such as the myofilaments of muscle, 
the keratin of the epidermis, and the fat cake of adipocytes 


(Goss, 1960). 


(ii) Expanding tissues exhibit birth but not ‘death 
ermcolls.» Alblwcelis pdifferentiate ,wash in EAE ie tissues, but 
retain their mitotic capabilities until an advanced age. 
Though these cells can divide, they do not unless approp- 
riately stimulated by tissue loss or maintained physiological 
overload. Most of these tissues have considerable capacity 
for metabolic adaptation, so morphological adjustments are 
seldom necessary. Liver, kidney and most endocrine and exo- 


crine glands belong in this category. 


(iii) Renewing tissues exist where wear-and-tear, 
tissue loss or infection may be a problem (eg. blood cells, 
lymph cells, epidermis, alimentary mucosa). These cells 
differentiate rapidly and old cells are continually being 


replaced by new cells from germinative growth zones. 


Mature adipose tissue has been classed by Goss (1966, 
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15 
1970) as a non-mitotic tissue, and his decision appears 
justified in the light of recent research (Hirsch and Han, 
1969; Hollenberg, Vost and Patten, 1970). If adipose tissue 
truly belongs in this category, then there is no capacity 
for cellular turnover. All turnover in response to func- 
tional demands must be at the molecular or organelle level, 
and all tissue growth in adults must be accomplished by 
cellular hypertrophy. The potential for growth and adapta- 


tion in this situation would be severely limited (Figure 2.1). 


Some degree of overlap in tissue categories has been 
recognized, however (Figure 2.2). With regard to adipose 
tissue growth and adaptation, the question would seem to be 
whether adipose tissue can retain, into adult life, any 
Capacity to expand. This could occur in any of three ways; 
either the mature cells could divide, dedifferentiation 
could occur, or germinative cells could persist in a dormant 


state. 


With regard to thestinst aleermative, mature fat cells 
have been observed microscopically in a polyploid or binu- 
cleate state (Mohr and Beneke, 1968), but never in the process 
of cell division. How Stch division™could occur in the fully 
differentiated, gorged fat celhewould, indeed, be hard-to 
visualize. Dedifferentiation is likewise, seldom observed 
in static tissues, except under very unusual circumstances 


(Goss, 1967). The most likely prospect for expansion of 
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FIGURE 2.1 GROWTH IN AN ORGAN OF LIMITED GROWTH POTENTIAL 
Each square indicates n functional units, which can 
proliferate only during early developmental periods. 
Subsequent growth occurs solely by hypertrophy, whether 
it be normal maturation to adult dimensions or compen- 
satory growth after partial ablation (from Goss, L967. 
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FIGURE 2.2 CLASSIFICATION OF TISSUES ACCORDING TO MODES 
OF GROWTH AND TYPES OF DIFFERENTIATION 
Exceptions to the general rule are listed.in over- 
lapping areas (from Goss, 1967). 
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mature fat tissue would be the existence of dormant primordial 
cells, but these, if they existed, would be extremely diffi-~ 
cult to detect and identify. In skeletal muscle, the exis- 
tence of such "satellite cells" has been proposed. Never- 
theless, if such primordial cells do exist in adipose 

tissue, they would be sparsely located and the Capacl tymeor 
expansion would be so limited as to be largely of academic 
interest only. A more meaningful question is the morpho- 
logical change, if any, which can be induced in early life. 
The values of hypertrophy versus hyperplasia relative to 


morphological change are also of interest. 
Hypertrophy versus Hyperplasia 


When a functional unit, such as a cell, is subjected 
to an overload, it first tends to adapt by means of rapid 
physiological adjustments, but if the stimulus persists, 
morphological compensations must be made (Goss, 1964). 

From an analysis of a wide variety of biological tsystenmsy 
Goss (1966, 1967) has concluded that the first priority in 
morphological adjustment is for growth in size, but since 
excessive enlargement ultimately reduces physiological 
efficiency, the organism attempts to multiply its functional 
units whenever possible. The reduced efficiency with 
increased cell size is considered by Goss to be the result 
of a decline in the surface area/volume ratio and the 


nucleo/cytoplasmic ratio. The most obvious way to restore 
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these ratios would be by cell division. 


The reluctance of animals and species to make 
morphological adaptations by means of cell size increases 
has been clearly indicated in ontogenetic and phylogenetic 
studies on various types of tissues (Goss, 1964). In these 
studies, small species have been compared with larger 
species or else the same species has been compared at pro- 
gressive stages of growth and development. -Mitotically 
competent cells (such as hepatic, parenchymal or adrenal 
cortex) are approximately the same size, wee Parees of body 
size or species size, thus indicating an obvious preference 
to increase cell number, and to maintain cell size constant, 
whenever cell proliferation is possible (Goss, 1967). How- 
Suet in static tissues, such as nerve and skeletal muscle, 
the fibers are both larger and more numerous the bigger the 
animal and the bigger the species (Goss, 1967)*. These tissues 
appear to resort to cellular hypertrophy because of an in- 
adequacy for hyperplastic compensation. This inability of 
static tissues to increase cell number is probably a 
biological safeguard to prevent a permanent commitment to 


too many cells. If extra cells are formed, they would pro- 





“Goss (1964) has drawn attention to the nephron, the 
functional unit of the kidney, ,which,is,also not able to,in- 
crease in numbers. Sperber (1944) has found the phylogenetic 
relation between nephron tubuli size and species size to be 
logarithmic; ie, tubule size is approaching an asymptotic 
maximal value in the larger species, probably due to func- 
tional efficiency considerations. 
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vide an additional margin of safety against future overload, 
but the cells would then have to be permanently maintained 


by the body. 


Thus, an increase in cell number would seem to be the 
method of choice in morphological adaptation, but if pro- 
liferative capacity is limited, then the tissues must resort 
to cellular hypertrophy. The limits of compensation are 
then set by efficiency considerations involving the surface- 
area/volume ratio and nuclec/cytoplasmic ratio of the cell. 
When functional demands exceed these limits, serious patho- 


logical consequences may ensue (Goss, 1967). 
Regulation of Cellular Proliferation 


There are two predominant theories on the nature of 
growth regulating factors. The first is the functional 
demand theory expounded by Goss (1964) and supported by 
Swann (1958) and by Lehmiller (1971). These authors claim 
that the products of physiological activity or functional 
sufficiency are the most obvious candidates for the posi — 
tion of growth regulators (Goss, 1964). Humoral communica- 
tion with physiologically related tissues is thought to be 
achieved, not by a specific chemical agent, but by a more 
general change in the internal environment, perhaps 
involving numerous chemical and physical factors (Lehmiller, 
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The second major theory has been detailed by Weiss 
and Kavanau (1957) and by Bullough (1962) and is favoured 
by Cameron (1971) as the most comprehensive model to 
explain growth and proliferation control (Figure 2.3). 

This theory postulates the existence of tissue specific 
inhibitors which are being constantly produced by the 
differentiated cells and released into the circulation. 

These substances, called chalones by Bullough (1962) and anti- 
templates by Weiss and Kavanau (1957) are thought to operate in 
a negative-feedback fashion to specifically inhibit mitosis, 
either directly or indirectly, in all tissues homologous to 
that which produced them. The degree of inhibition is 
thought to be proportional to the plasma concentration of 
chalone, which in turn, is proportional to the number of 
differentiated cells present. Hence, proliferation is 
regulated by the tissue mass and the cell number is self- 
limiting. In support of this theory, Bullough and Laurence 
(1964a) and Hondius-Boldingh and Laurence (1968) have re- 
ported success in extracting from the epidermis an anti- 
mitotic chemical messenger which they have cailed the 
epidermal chalone. This substance was found to be tissue 
specific but not species specific. Turkington (1971) 

reports that substances with similar characteristics have 


been detected in liver, kidney, granulocytes and lens. 


Goss (1964) has questioned the theory on the 
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grounds that it permits insufficient capacity for functional 
adaptation, but several recent papers by Bullough (1965) and 
Bullough and Laurence (1964b, 1968) have emphasized the 
interaction of hormones with chalones in regulating mitotic 
activity. The inhibitory action of epidermal chalone was 
potentiated by physiological concentrations of epinephrine 
(Bullough, 1965; Bullough and Laurence, 1964b) and hydro- 
cortisone prolonged the inhibitory effect of the epinephrine- 
chalone complex (Bullough and Laurence, 1968). The authors 
have suggested that the diurnal variations which occur in 
cell proliferation (ie., lowest during the working hours 

and maximal during rest and sleep) can be explained by the 
Prtects of body activity upon the circulatory levels of 
these hormones. This linkage with metabolically active 
hormones would seem to make the chalone theory now much more 
compatible with the concept of response to functional load. 
The two theories are otherwise similar in that they both 
emphasize auto-inhibition by systemically disseminated 


chemical messengers (Goss, 1964). 


Other studies with various tissues have confirmed 
the significance of hormones in regulating cell differen- 
tiation and proliferation and have emphasized especially 
the relation to stress and physical activity. Halberg 
(1960, 1963) has detected, in a number of tissues, an 


association between the inhibition of mitotic activity and 
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the diurnal variation of ACTH and glucocorticoid hormone 
secretion. Similarly, Rasanen (1963) has found that a 
single injection of ACTH, or a period of physical stress, 
produces, within five hours, a decrease anetneum: LOCC 
index of the rat gastric mucosa. With continued ACTH 
stimulation, the mitotic index gradually returned to normal 
and subsequently exceeded the control value. Lahtiharju 
and Teir (1964) and Lahtiharju, Rasanen and Teir (1964) 
have shown that similar changes can be produced in liver 
and other organs by injections of glucocorticoids or 
heparin. Rasanen (1967) has proposed that, in the gastric 
mucosa at least, the glucocorticoid hormones may act to 
degranulate the large numbers of mast cells which are pre- 
sent and that the heparin so released may cause the hyper- 
plastic inhibition observed. Cell proliferation in adipose 


tissue has not been tested in response to these hormones. 


In contrast to the inhibition observed in response 
to the catabolic hormones, insulin was found to exert a 
potent effect upon hepatocyte proliferation in alloxan dia- 
betic rats (Younger, King and Steiner, 1966). In adipose 
tissue similar results were obtained (Hollenberg, Vost and 
Patten, 1970). Alloxan, when administered to rats, decreased 
the rate of cell proliferation in both the stromal and fat 
cell fractions. Administration of both insulin and growth 
hormone increased DNA synthesis, but in the stromal elements 


only. 
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Finally, Perris (1971) has reviewed an extensive 


series of experiments which strongly implicate calcium ions 

and cyclic - AMP in the stimulation of cell proliferation. 

These experiments were conducted on the lymphopoietic and 
erythropoietic systems of rats in collaboration with 

Whitfield, MacManus, and coworkers (cited by Perris, OTL) 

When calcium levels in the plasma or medium, or cyclic-AMP levels 
in the cells were altered by a variety of different techniques, a 
stimulating effect upon mitogenic activity was always ob- 

esaerveds. Also, as the dably growth raterof «the: rat 

increased and then subsequently declined, closely correlated 
changes were observed between tissue mitotic activity and 

plasma concentrations of ionized calcium (Perris, Whitfield 

and Tolg, 1968). A scheme (Figure 2.4) has been proposed 

by Perris 

membrane (with or without a sensitizing agent such as the 
detergents, bradykinin, parathormone, growth hormone, 

prolactin and the neurohormones) to raise the intracellular 
concentration of cyclic - AMP and disrupt the DNA - histone 


complex. 


Although the regulating mechanisms discussed have 
only been studied extensively in the rapidly renewing 
tissues of the body, they may have equal significance in 
the more static tissues during the early periods of growth 


when these tissues are still expanding. 


Mtelollseocseriu: sac 


Sfiod miss ~ 640 ody 


2 Si vote 





ey 
rede - Fd 
Ani 





tosi2is. bie SMal> aitoayo +0 noite ts Spe 








| 
. f Vice 8 rh 
eR AP) Lee ‘ar aCe ce eh 
Ci e9 erased « a roa 
4 ‘ ; . : . ——s . 4 
pg ae wR 7. « 
hotitw aipeniveque to sek 
‘ . axes at 
4 F ™ TT ce ns P , 
ghee’ ced - — . % 
if2 oht Ai WAR - offovs 
’ E 7 es + i , 
SAIS SOW ADSM Sega ea 
; r¢ 5 3% i i ; 
oo = ) i 
J od ‘ 4k 
. - rt — t 
; ! 
et = he} ‘ > 
~ . . Pi 
Sim tact. to623's, 
, me 
oy! ‘ , - oo 
‘ t Sot 4 a % Ak, 
Pea vy 
iS pestcus: ott. biz 
Sawred) Boy wre ohh’ ¢ 
; z 
é ' i ae See | i ee ft 
$ L & 
4 r -?, rez ‘- a é “rt t 
) Has 
I t | 4 . 
‘ eons ee oe 
,on ics tec sicsoebsso «a 






SRfS. oF (getastggouven ant bas 
ty 





x 
oe 


a a ae 
* >» 









- 


24 


oe 
-— 
=- 
rd 
~ 
-_ 
_- 
awe 
_- 
: = 
- 
= 
=- 
= 
Pr tna 
- 
= 
-— 
- 
= 








= 
-_<-"- 
Se 
e 






Nutrients (| Differentiation 
Z 
a formation 
‘ a 
1 ton 
S 
Z, , 
: G 
j 
u 


“De, ; 
My % ! 
"4 My \ I 
2a TCL AW A 4 { 
“Ss 


ee “te Na_ge So 
~~Catabolic loss 


~ 
~ 
~ 
= 
Tas 
~ 
~ 
~ 
~ 


FIGURE 2.3 THE WEISS-KAVANAU MODEL OF GROWTH CONTROL 
G means generative compartment, D means differentiating 
compartment, I means inhibiting principle. Cells from 
the generative compartment are transferred to the dif- 
ferentiated compartment and from there lost by catabolism. 
The differentiated compartment produces an Anis oTeoG 
substance which diffuses back and probably regulates both 
the cell proliferative activity of the generative compart- 
ment as well as the rate of cell ditferentiation. This 
model can be used to explain the experimental findings 
concerning the regulation of cell Drolireration in the 
ceil populations of the mammalian body (from Weiss and 
Kavyanau, L957). 
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Methodological Procedures for Counting and Sizing Fat Cells 


The lipid content and metabolic capacity of a fat pad 
of given weight may vary considerably as a result of varia- 
tions in the size and number of its component fat cells and 
of the proportions of stromal elements (Goldrick, 1967a; 
Hubbard and Matthew, 1971; Di Girolamo and Mendlinger, POA) p. 
The stromo-vascular component of the tissue is not a constant 
factor of the weight of the tissue (Hollenberg, Vost and 
Patten, 1970; Hubbard and Matthew, 1971; Di Girolamo and 
Mendlinger, 1971) and saints lipid content of the individual 
fat cells is not a constant portion of fat cell weight 
(Goldrick, 1967a; Englhardt et al., 1971; Salans and 
Dougherty, 1971; Bjorntorp and Sjostrom, Lo/2) Reactors 
Such as age (Goldrick, 1967a), diet (Hubbard and Matthew, 
#971) and exercise (Grollman and Costello, 197.1.) can all 
atrect. the per cent lipid content, either by modifying the 
size of the fat cell or its lipid/protein ratio, or by 
differential effects upon the development of stroma and 
adipocytes. Consequently, researchers have attempted to 
better classify the state of adiposity by measuring the 
fat cell size and number. Methodology has been the primary 


obstacle to progress. 


In recent years, extensive methodological advances 


have been made in the study of adipose tissue morphology 
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(Rodbell, 1964a; Goldrick, 1967a; Wasserman, Elias and 
Tyler, 1967; Martinsson, 1968; Hirsch and Gallian, 1968; 
Bjorntorp and Karlsson, 1970; Hollenberg, Vost and Patten, 
1970; Sjostrom, Bjorntorp and Vrana, 1971; Di Girolamo, 
Mendlinger and Fertig, 1971; Smith, 197la). The techniques 
used in these studies have ranged from microscopic analyses 
to histological sections and fresh tissue pieces to elec- 
tronic cell counting, DNA labelling with isotopic thymidine 
and the preparation of fat cell cultures. Most researchers 
have resorted to the use of isolated fat cell suspensions, 
prepared either by the collagenase digestion technique of 
Rodbell (1964a) or by the disruption of fat tissue with 
osmium tetroxide fixative (Hirsch and Gallian, 1968). In 
the majority of cases, cell size has been determined either 
directly by microscopic visualization or semi-automatically 
from photomicrographs, but the Coulter counter has been used 
to plot size distributions electronically. All counts have 
been popularly obtained by one of two methods: by direct 
electronic counting of isolated osmium fixed cells or in- 
directly from pad lipid content and cell size. Other methods 
of counting have involved DNA determinations or the use of 
microscopic counting chambers. Each method of counting and 


sizing has certain limitations and advantages. 


The ultimate aim of the researcher is to obtain a 


valid estimate of cell size and/or number in the simplest 
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and most economical way possible. Thus, the four factors of 
primary concern are representative sampling, valid measure- 
ment, facilitation of methodological and technical 


difficulties and economy of time and expense. 


The initial problem of representative sampling has 
been best overcome by the use of the whole fat pad (or of 
numerous, small, randomly-drawn samples of fat tissue) for 
the preparation of isolated fat cell suspensions. The use 
of osmium for fixation and disruption followed by electronic 
counting and sizing (Hirsch and Gallian, 1968; Sjostrom, 
Bjorntorp and Vrana, 1971) has obvious advantages in terms 
of time economy and results in minimal cell loss and 
breakage. However, technical problems and expense may be 
extensive. If collagenase digests (Rodbell, 1964a) are 
used as the alternative, then cell rupture and size change 
should be minimized by the use of passive flotation instead 
of centrifugation (Martinsson, 1968), and by chilling and 
Stabilizingtthe Géhlsoin armijid fixativeisuchCaseITCA-GTA 
ox formaldehyde (Hirsch and Gallian, 1968; Sjostrom, 
Bjorntorp and Vrana, 1971). The cells could then be sized 
under a microscope directly or photomicrographs could be 
taken for semi~automatic sizing at a later date, for example, 
with ‘a-Zeiss analyzer: (Goldrick, 1967a; Hirsch and Gallian, 
1968). Since cell loss and rupture may be extensive by the 
collagenase procedure, cell counts in this instance are 


best obtained by an indirect method, requiring analyses of 
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28 
pad lipid content and estimation of mean cell lipid content 
from cell diameter (Hirsch and Gallian, 1968; Di Girolamo, 


Mendlinger and Fertig, 1971). 


Measurement of Proliferative Capacity and Primordial Cells 


The commencement of lipid accumulation in adipose 
cells is considered to predispose the cell to a non~mitotic 
state (Goss, 1970). Also, dedifferentiation of any non- 
mitotic tissue is a very exceptional pene an cedcdsn nD Go ee 
eer eedoentiy, any capacity which adipose tissue has, to 
expand its fat cell complement, must reside in the presence 
or absence of undifferentiated cells in the tissue. These 
primitive cells could presumably be in one of two states: 
arderminative state, in which mitotic capacity is retained, 
but the cell remains dormant until stimulated to proliferate; 
or a primordial state in which mitotic capacity is not re- 
tained, but the cell remains dormant until stimulated to 
differentiate. The most probable situation would be one in 
which the majority of cells would have germinative properties 
in the very early years and primordial properties thereafter. 
At present, however, the primordial cell must remain a hypo- 
thetical entity because adequate methods are not available 
for their visualization in histological sections or measure- 


ment in Lat cell) tractions. 


Wasserman (1965) has reported that cells believed 
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to be histocytes or fibroblasts have frequently been 
observed among fat cells in histological preparations and 
"it is conceivable that they represent a stock from which 
new fat cells may be supplied." In this sense, they 
would resemble the “satellite cells" which have been des- 
cribed for muscle. The uncertainty which exists, however 
(Wasserman, 1965; Simon, 1965; Napolitano, 1965), regarding 
the exact nature of adipocyte precursors has made the 
positive identification of such cells in histological 
preparations impossible up to this time. Cells cannot be 
clearly distinguished as pre-adipocytes until they begin 


to accumulate lipid. 


Similarly ein tat cell fractions, isoiated by 
collagenase, primordial cells will not be counted or sized 
because they contain insufficient lipid to float with the 
mature fat cells (Salans and Dougherty, 1971). Hollenberg, 
Vost and Patten (1970) have estimated that five to seven 
days are required, after DNA synthesis, for cells to accumu- 
late sufficient lipid for maximal recovery by flotation. 
Consequently, if labelled thymidine was administered, eA 
sion and maturation of germinative cells could be detected 
by the appearance of label in the fat cell fraction, but ye 
primordial cells differentiated in this same period, they 


would go undetected. 


Finally, consideration must be given to the perivas~ 
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cular origin of adipose tissue (Wasserman, 1965; Simon ;k1965). 
In view of this proposed origin, the possibility exists that 
any stimulus which leads to increased capillarization of 
adipose tissue could produce an increased stock of fat cells. 
In this case, the expansion of adipose cell number would 


occur secondarily to the formation of new blood vessels. 
Metabolism of Adipose Tissue in Relation to Cell Size 


When intact fat cells are liberated from adipose tis- 
sue by collagenase digestion, they retain their intrinsic 
capacity to synthesize tryglyceride, to oxidize glucose and 
to respond to lipogenic and lipolytic hormones (Rodbell, 
1964a). These properties of the isolated cell suspension 
have inspired numerous studies on the relation between cell 
size and metabolism. If metabolic response is independent 
of cell size, then the number of cells present will deter- 
mine the metabolic response of the tissue. If, however, 

a size dependency does exist, then the various size~dependent 
cell components (and the ratios that exist between them) must 
be examined as an explanation for the varying metabolic 
response. Cell lipid content, cytoplasmic mass, membrane 
surface area and enzyme concentrations have all been 


studied in this regard. 


When cells of different sizes were compared for their 


ability to synthesize lipid from glucose (Zinder, Arad and 
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Shapiro, 1967; Nestel, Austin and Foxman, 1969; Goldrick and 
McLoughlin, 1970; Bjorntorp and Karlsson, 1970; Smith, 
Portb>shyoOrncorp andssjostrom, 1972), to esterify labelled 
fatty acids in the presence of glucose (Zinder, Arad and 
Shapiro, 1967; Nestel, Austin and Foxman, 1969; Bjorntorp 
eno Sjostrom, 1972) or to respond. to.insulin (Nestel, 
Austin and Foxman, 1969; Greenwood, Johnson and Hirsch, 
1970; Salans and Dougherty, 1971; Salans, Horton and Sims, 
1971; Bjorntorp and Sjostrom, 1971; Smith, 1971b), obvious 
differences were observed. The larger cells, in each case, 
showed a greater absolute response per cell, but a lesser 
Pamaeitysoer unit werghnt of lipid. This hasbeen found to 
be true, whether large and small cells were obtained from 
eaimals of ditterent age (Zinder, Arad and Shapiro, 1967; 
Nestel, Austin and Foxman, 1969; Salans and Dougherty, 1971), 
or from animals or patients in various states of obesity 
(Salans, Knittle and Hirsch, 1968; Greenwood, Johnson and 
Pesch et o707) bjOrmmtoryp ana -ojOstrom, 19/1). ) Thessamesre- 
lationship was found when large and small cells were obtained 
from the same patients before and after weight loss (Bjorntorp 
and Sjostrom, 1971; Salans, Horton andesins , L971): ~ Finally, 
confirmation has come from studies in which cells, obtained 
from the same pads of the same subjects at the same time, 
were separated into fractions of different mean size and 
compared in terms of metabolic capacity (Bjorntorp and 


Karlsson, 1970; Smith, 1971b; Bjorntorp and Sjostrom, 1972). 
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32 
Exceptions to the general trend of results have been ob- 
served (Salans and Dougherty, 1971) but such studies are 


few. 


When similar comparisons were made in response to 
lypolytic hormones, the pattern of results was similar 
(Therriault, Hubbard and Mellin, 1969; Hubbard and Matthew, 
Peeeeczingec and chapino, 19/71;) Hartman et al., £971; 

Porn cOrp and ojyestrom, 1972). The larger cells were found 
to de less. sensitive to lipolytic hormones (ACTH, norepine- 
phrine and epinephrine), although absolute release of free 


fatty acid per cell was greater. 


ihese s£inarings simply that, “rore-a-given “fat ‘cell 
complement, larger cells can both deposit and mobilize 
Seoecaerat More’quickiys ein -reldatrion*to the total amount 
of lipid stored, however, the response of the larger cells 
is considerably less (ie, there is less sensitivity to a 


prescribed dose of hormone). 


These studies, then, have revealed a definite de- 
pendency of the metabolic response upon fat cell size. It 
is thus necessary to determine the various size-dependent 
components of the cell and to determine which of these 


could be responsible for the metabolic variations observed. 


nlargement of the fat cell is apparently accomplished 


isa 


by increases in both the lipid and cytoplasmic compartments, 
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but the rate of cytoplasmic growth has proved difficult to 


quantify. Most investigators have attempted to measure 





cellular protein, on the assumption that protein forms a 
constant portion of the cytoplasmic mass, but collagenase, 
albumin and stromal proteins interfere with the results 
(Rodbell, 1964b; Goldrick, 1967a). Martinsson (1968) and 
Englhardt et al. (1971) have avoided the whole problem, of 
contamination by foreign protein, by measuring cell water 


and "lipid-free residual space," respectively, as estimates 
of cytoplasmic mass. Salans and Dougherty (1971) have 
taken a different approach and have attempted to quantify 
the degree of collagenase and albumin contamination by use 
of isotopic labels. The results obtained by the various 
methods have, however, with one exception (Salans and 
Dougherty, 1971), been qualitatively similar in that more 
bevtoplasm, lasewell as lipid; was found in larger cells. 
All investigators have agreed, however, that the ratio of 
Horde to, thei cytoplasmic index increased as the cell en= 
larged. This was not solely an age effect, and was 
observed for selected glycolytic enzymes as well as for 
total wprotein)(Englhardt et al. 19/1; 38) omntoxrprand 


S7ostrom, 1992). 


Surface area is another obvious size-dependent com- 
ponent and will increase as the cell enlarges. However, 


fin thes adipocyte issiconsidered tolbenalspheret in? vivo;. an 
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assumption which Reh (cited by Goldrick, 1967a) has justi- 
fied, then the surface area/volume ratio of the cell will 
decline as the cell grows in size. This ratio is one 
considered critical by Goss (1964) to the efficient opera- 
Bron of any functional biological unit. Since most, if not 
all, of the hormonal receptor sites are believed to be 
membrane-bound, surface area has been attributed pawBteicular 
significance by several workers (Zinder and Shapiro, 1971; 
Hartmann et al., 1971; Bjorntorp and Sjostrom, 1972; 
Manganiello and Vaughan, 1972) in explaining the metabolic 


response to cellular enlargement. 


Pemtie  cerivenlargqes ,=cnen, aicreases: OCCurein -the 
absolute amounts of lipid, cytoplasm, surface membrane and 
enzymes in the cell. These changes could undoubtedly 
account for the increased absolute capacity of the large 
cell to deposit and mobilize fat. Simultaneously, however, 
decreases occur in those critical ratios which normally 
Drovide for integrated control in the cell. The surface 
area/volume ratio, the protein/lipid ratio; the enzyme/ 
lipid ratios and the DNA/cytoplasm ratio all decline as a 
function of cellular growth. A limited capacity of the 
cell to produce new membrane receptors has been proposed 
(Zindersand Shapiro, 1971; Hartman et als, 1971; 
Manganiello and Vaughan, 1972) as one possible explanation 


for the hormonal insensitivity and reduced metabolic effi- 
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ciency of large cells, but a decline in the cytological 
control ratios could provide an equally acceptable explana- 
tion. The quantitative relationship between the critical 
Fatios and the metabolic capacity of the cell have not yet 
been investigated. Age, cell size and nutritional and 


hormonal stimuli should be tested for their effects upon 


these ratios in relation to metabolism. 


In order to understand more fully the significance 
of these various relationships to total body function, the 
variability and adaptability of the total fat cell complement 


must be examined. 
Adipose Growth as a Function of Age 


Organs and tissues, in general, exhibit a decrease in 
proliferative capacity and regenerative potential with ad- 
vancing age, but they vary in the stage of development at 
which this declining response becomes evident (Enesco and 
Leblond, 1962; Strehler, 1962; Goss, 1967; Buetow, 1971). 

A large degree of variation also exists between ee TaRuEKcy, 
and between species, possibly as a direct reflection of the 
life-span and metabolic rate (Buetow, 1971). As long as the 
capacity to proliferate persists, however, there is a reduced 
reliance upon hypertrophy in the response to functional 
demands (Goss, 1967). Strehler (1962) has proffered, as one 


possible explanation for the aging response, the gradual ac- 
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cumulation of harmful metabolic side-products as a result of 
perpetual molecular turnover. In renewing tissues, the 
molecular turnover would occur primarily in the germinal 
cells, but in non-mitotic tissues, each cell would be 
responsible for its own molecular renewal. In extensive 
studies with Sherman rats, Enesco and Leblond (1962) used 
total DNA of whole body, organs and tissues, to determine 
the pattern of hyperplasia during growth. As expected, 

the rate of proliferation was greatest during the early 
prenatal period, and then showed an exponential decline 
until 13 to 14 weeks of age. eer birth-until 13 weeks of 
age about 4.5 new "generations" of cells were formed in the 
body as a whole, the rate of proliferation being most rapid 
prior to weaning.* The weight of body matter (both intra- 
eeilular and interstitial), per single nucleus, was 
relatively constant until weaning, and then increased in 
most organs and tissues, and particularly in tissues such 
as heart muscle, striated muscle and epididymal fat, which 
are considered essentially non-mitotic as mature cells. 
From weaning until 14 weeks of age, 90 per cent of the 
growth of the epididymal fat mass was attributable to an 
18-fold increase in the weight per nucleus. Studies of 


other fat depots (Zingg, Angel and Steinberg, 1962; Peckham, 


“In rats, the prenatal period is about 23 days in 
duration. Weaning occurs at 21 days of age and sexual 
maturity at 7 to 8 weeks of age. The life-span is approxi-~ 
mately 1.5 years. 
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37 
Entenman and Carroll, 1962), using total DNA as an index, 


have revealed a similar pattern of growth. 


Since these early studies, methods for obtaining fat 
cells essentially free from stromal contamination have been 
developed (Rodbell, 1964a; Hirsch and Gallian, 1968) and 
used to study growth changes in adipose tissue. Hirsch 


and Han (1969) studied changes in epididymal and retroperi- 





toneal fat pads of Sprague-Dawley rats through ages six to 
twenty-six weeks. At six weeks of age, the pads contained 
one-third to one-half of their adult complement of mature 

fat cells. Growth from six to fifteen weeks was accomplished 
by increases in both cell size and number, but beyond the 
fifteenth week of life, the depots grew exclusively by the 
process of cellular enlargement. Similar results have been 
Obtained with the lean Zucker rat (Johnson, et al., 1971) and 
with Charles River rats (Hubbard and Matthew, 1971). In 
Swiss Albino and NCS/R mice, the same pattern has been ob- 
served (Johnson and Hirsch, 1972); epididymal fat pads grew 
by size and number increase until 21 days of age (weaning) 


and thereafter by increases in cell size only. 


Data for human adipose tissue is scarce, but the evi- 
dence available suggests a similar pattern to that observed 
in the rat. Hirsch, Knittle and Salans (1966), Brook (1970) 
and Bonnet et al. (1970) have obtained biopsy samples froma 


total of 71 normal infants, children and adolescents. On 
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the basis of cell size or number determinations, these workers 
have extrapolated to the total body adipose mass and have 
concluded in favour of a progressive cellular increase to 
the normal adult quota. Maximal values for cell number 
were not attained until adolescence or early adult life 
(Hirsch, Knittle and Saleans, 1966). Bray (1970), however, 
states that the age at which humans stop proliferating fat 


Cefiac, 1f this in fact occurs, 1s not known. 


In the animal species previously mentioned, cell size 
made by far the greatest contribution to total adipose 
growth. In an attempt to quantify the respective contribu- 
tions of cell size and number, Di Girolamo and Mendlinger 
(1971) compared the epididymal fat pads of Wistar rats, 
hampsters and guinea pigs at six weeks and one year of age. 
Bervthe raceand=the hampster, Siand™=83"per cent” of the 
total weight increase was attributable to cell size, and 
only 12 and 8 per cent, respectively, to cell number. The 
situation in the guinea pig was completely reversed with 
only 6 per cent of the increase attributable to hypertrophy, 
while 80 per cent was the result of hyperplasia. This in 
formation clearly indicates that species differences in the 


pattern and strategy of adipose growth may exist. 
Adaptive Capacity of Adipose Tissue as a Function of Age 


In an attempt to modify the attainment of the normal 
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adult fat cell complement, brief acute starvation and re- 
feeding, prolonged semi-starvation, induced hyperphagia, 

and prolonged cold exposure have all been applied experi- 
mentally to animals during periods of growth. Although 

most of these studies have used young rats, six to eight 
weeks of age, in which the number of mature fat cells is 
still increasing, the experimental results have largely 

been negative. The only stimulus which has been found 
effective in limiting the final adult quota of cells in 

rats has been nutritional deprivation during the pre- 
weaning period (Knittle and Hirsch, 1968). In this study, 
the caloric intake of the suckling rats was varied by 
manipulating litter size. Thereafter, eeding was ad libitum. 
The rats which were raised in the larger litters had lighter 
pody weights and pad weights, and smaller and fewer cells 
throughout the 20 weeks studied. To date, no other stimuli 


have been tested during this early critical period. 


In contrast to these early nutritional effects, 5°c 
cold exposure, from weaning until 14 weeks of age, has been 
found to increase the total number of fat cells in epididy- 
mal pads of rats (Therriault, Hubbard and Mega 719099. 

In the early weeks, the acquisition of cells was delayed, 
relative to the controls, but as body weight increased, 
cell number became significantly greater in the cold-exposed 


animals. In a study with prolonged semi-starvation (half 
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rations) from four until 20 weeks of age, Hubbard and Matthew 
(1971) found a similar delaying effect upon the appearance of 


mature cells, but the eventual cell quota was normal. 


Brief, acute starvation, of a few days to one week 
in duration, did produce decreases in cell number (Goldrick, 
1967; Hirsch and Han, 1969) and DNA synthesis (Hollenberg, 
Vost and Patten, 1970) in rats seven to nine weeks of age, 
but the effect was transient and cell number returned to 
control levels after three to four weeks of ad libitum feed- 
ing. These results concur with the general suppression of 
mitotic activity which Blumenthal (1950) has observed alagl 
response to acute starvation. Cell size and lipid content 
were both greatly reduced by the starvation, but were re- 


plenished completely upon refeeding. 


Similarly, cell number has proved immune to the 
effects of caloric excess or weight loss. When hyperphagia 
was induced by hypothalmic lesion in either seven week old 
rats (Hirsch and Han, 1969) or adult rats and mice (Hirsch 
and Han, 1969; Johnson et al., 1971; Johnson and Hirsch, 
1972), cellular hypertrophy became extreme, but the number 
of cells was not altered. Also, weight loss in both humans 
(Hirsch and Knittle, 1970; Bray, 1970; Brook, 1970) and 
rats (Hirsch ‘and#Han;V1969)swas not accompanied by any 


reduction in the cell complement. Cell size, however, was 
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41 
diminished drastically. In a longitudinal study with non- 
obese adult prisoners, Salans, Horton and Sims (1971) were 
able to induce mild obesity by inactivity and high caloric 
intake over a period of three to four months. Subsequent 
dieting and exercise returned the body weight to initial 
levels. Cell number was not susceptible to modification in 
either situation, so all changes in body fat were attribu- 
table to cell size adjustments. Bijorntorp and Sjostrom (1971) 
obtained essentially similar results in response to dieting 


in obese adults. 


Physical activity and training have been found to 
restrict or reduce fat cells to a stable size in growing 
rats (Palmer and Tipton, 1972) and in sedentary men (unpub- 
tdeotied! work cited by Bjorntorp and Sjostrom, 1971), but no 
reports have yet appeared on the effects of early training 
upon cell number. Mayer (1968) has suggested that physical 
activity Te required for proper “regulation of caloric’ in= 


take, since inactivity leads to metabolic obesity. 


In several strains of genetically obese mice, Johnson 
and Hirsch (1972) have observed extensive cellular hyper- 
trophy but no elevation of the fat cell complement, whereas, 
in other mutants, the size and number of cells was 
raised. Similar observations in humans (Hirsch and Knittle, 
L270 sor oye LO eb rooks 697 Os Bonnet et al., 1970) have 


led to the classification of two distinct types of obesity 





42 


fiieschmendsknittclie, 1970; Biorntorp and Sjostrom, 1971). 
Early onset (hypertrophic - hyperplastic) obesity is 
characterized by a greater than normal complement of cells 
and is believed to be determined by patterns established 
during the early development period. Late-onset (hyper- 
trophic) obesity results solely from an increase in cell 


size and can only lead to moderate degrees of obesity. 


The observation, that hypertrophic factors can only 
result in moderate degrees of obesity, implies that cell 
Size may be self-limiting. Indirect support for this con- 
cept has been derived from several sources: from metabolic 
G@ansiderations (Blatt,.1970;-Smith,) 19/71b;. 4inder;and 
Shapiro, 1971); from critical ratio considerations (Goss, 
1964) ; from limits imposed by the distensibility of the 
cytoplasmic rim (Wasserman, 1965); and from phylogenetic 
data which have shown a logarithmic relationship: between 
species weight and size trends of functional units (Goss, 
1964). The most convincing evidence, however, has come 


from studies in which a cross-section of obese adult humans 


have been compared and correlations drawn between cell size 
and per cent overweight. In these studies (Liebelt, 1963; 

Preiss, 1967 (cited by Englhardt et al., 1971); Hirsch and 
Knittle, 1970; Bjorntorp and Sjostrom, 1971), patients who 
were less than 50 to 70 per cent overweight had a normal 


cell number, but revealed much eniargecpcelis | Patients 
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who exceeded 150 to 170 per cent of ideal weight did not have 
larger cells than the less-obese subjects, but instead, 
possessed an additional complement of cells. The reasons 
for the excess cell quota in extreme cases of human obesity 
are presently the subject of much research. In this 'maxi- 
Mal' state of cell hypertrophy, mean cell size in obese 
humans has been reported to be two to three times larger 
than in control subjects (Bray, 1970; Englhardt et al., 
1971) , whereas in rats with hypothalamic lesions, a seven to 
nine-fold increase has been observed (Hirsch and Han, 1969). 
If, then, a maximal cell size does exist and if 

cell number is normal and not inducible beyond late adoles- 
cence or early adult life (Hirsch and Knittle, 1970), only 
moderate obesity (up to 50 to 70 per cent overweight) could 


result from maximal hypertrophy of the existing complement. 


Accompanying the change in cell diameter is a change 
in the shape of the cell size distribution. In obese humans 
as compared to normals (Bonnet et al., 1970), and in older 
rats, when compared with younger ones (Di Girolamo and 
Mendlinger, 1971), the size distribution was found to be 
more heterogeneous. In the obese humans and older rats, 
the standard deviation of diameter was larger, but the co- 
efficient of variation (C.V. = X ¢ S.D.) was less. The 


implications of this effect are not obvious. 


In summary, then, studies have clearly indicated 
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44 
that fat cell size is a very labile component of adipose 
mass, markedly responsive to nutritional and metabolic 
stimuli. Adipocyte number, however, is remarkably stable 
and only a long sustained stimulus, begun very early in 
life, has been shown effective in altering the complement 
of adult fat Gelis. As would be expected, the state of 
physical training is associated with a reduced fat cell 
size (Palmer and Tipton, 1972), but the effect of a train- 
ing stimulus upon cellular proliferation has not been 
studied. Training, however, like cold exposure and star- 
vation, can create a considerable energy requirement and 
can invoke considerable hormonal adaptation. Consequently, 
if applied for prolonged periods sufficiently early in life, 


an effect on cell proliferation may be demonstrable. 
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CHAPTER ITI 
METHODS AND PROCEDURES 


Sixty-three male Wistar rats (Woodland Farms, Guelph, 
Ontario) were used in the Seay The rats were approximate- 
ly seven weeks of age at the time of arrival and weighed 
160-180 grams. They were immediately placed in individual 
self-cleaning cages in a temperature controlled room with 
Geb eOutet. Gita-- dali cy ClLes(8 sen abOe edllss) seem GL CYmWaben 
was made freely available, and food pellets were allocated 
twice weekly throughout the study. The food was standard 
rat chow (Rockland Complete Rat Diet) with the composition: 


24yper cent protein,.4 per, cent.fat and 6 percent fiber. 


On the basis of body weight, the rats were placed 
into blocks. Matched groups were formed by randomly 
assigning one rat from each block to each treatment group. 
The variability in wéight within“each group, and hopefully 
genetic pre-disposition to obesity, was thus essentially 


Similar at the start of the study. 


The nine rats in Group 1 were sacrificed at this 
time to provide information regarding initial levels. The 
remaining six groups were treated as illustrated in Figure 
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Development Period Post-Development Period 


i S 


Age in Weeks 








Group 7 16 24 
ii (9) 
SSS ESE C97) 
aa (9) 
ee ee PN Re (9) 
thd 
aan (9) 
TS Ne lata leieneeaa (9) 
FIGURE 3.1 FORMAT OF THE® STUDY 


So= sedentary Wer =Straining? [Y=einitial 
group. Numerals in parentheses represent 
the number of rats sacrificed. 


The first eight week period of the study, until the 


critical age of 16 weeks, was intended to represent a 


developmental period during which the genetic potential for 


cell proliferation may be susceptible to external environ- 


mental influences. 


One trained group (T) and one sedentary 


group (S) were sacrificed, and their pads examined, at the 


end of this first period. 


The second 


eight week period, from 16 to 24 weeks of 


age, waS a post-development period during which only cell 


size should still be subject to change. The remaining four 


groups were sacrificed at the end of this time. Of these 
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47 
four groups, Group TT was continuously trained and Group SS 
continuously sedentary for the whole of the 16 weeks. 

Group TS was trained and then detrained, while Group ST was 


trained only after 16 weeks of age. 


The training programs, in each case, consisted of 
endurance running, once each day for five days of the week, on 
one of two motor-driven treadmills. The speed and duration of 
the training was increased progressively over the first three 
weeks and then maintained constant at one mile per hour for 
one hour. The rats were able to run steadily at this workload 
after three weeks.* The training was facilitated by means of 


an electrical shocking device at the back of the treadmill. 


All rats in the exercising groups were fed ad libitum 
throughout their respective training periods. Sedentary rats, 
however, were observed to eat more than training rats, so rats 
in the sedentary groups received a restricted ration corres- 
ponding to the average amount eaten by the rats in the train- 
ing groups. By equilibrating the diets of these control 
groups with those of the training rats, spurious effects due 


to differences in caloric intake could be largely controlled.* 


“this program has been used extensively and is reported 
in the Viterature (Gollnick et“al.’,"1969) to ellicit intensive 
glycogenolytic and lipolytic responses in rats. After eight 
weeks at this pace, rats can run from one to four hours before 
fatigue. 


"An alternative procedure (Palmer and Tipton, 1972) 
involves pair-weighting of rats; i.e., restrictive feeding of 
each sedentary rat so that body weight remains equal to that 
of the training partner. This procedure, however, could re- 
strict the natural growth patterns of other organs and tissues 
besides that of adipose tissue. 
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48 
The only exception to the feeding pattern was Group TS, which 
was fed ad libitum during the detraining period in order to 
Maximize the post-development stimulus to cell hypertrophy 


and proliferation. 


At the time of sacrifice, the rats were killed with 
an overdose of ether, weighed on a basket balance and the 
weight recorded. The entire left and right epididymal fat 
pads were surgically removed by dissecting free from the 
head of the epididymis and by cutting the major supplying 
blood vessels. Each pad in turn was placed in rat Ringer solu- 
tion in a teflon saucer and the acters: of the major blood 
vessel was dissected out. The pad was then thoroughly rinsed 
in clean Ringer solution, blotted on a clean paper towel, 
placed on a tared polyethylene boat and weighed on a Mettler 
electric balance. The pad was returned to Ringer solution and 
the weight recorded. The left and right fat pads from the same 
animal were found to vary by as much as 20 per cent, so the 
larger of the two pads was always used for the subsequent ana- 
lysis. The only exception to this was Group I, in which both 


pads were required to provide sufficient tissue. 


The pad to be analysed was placed in clean Ringer 
solution in the teflon dish and minced into pieces of less 
than 25 mg. using a microdissection needle and scissors. 


This procedure was deemed necessary in order to ensure more 
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representative sampling of the cells in the tissue. Pieces 
could be removed at random from the mince to obtain the 
desired quantity of tissue for determination of cell size 


and lipid content. 
Electronic Counting and Sizing of Collagenase-Liberated Cells 


Initial attempts were made to use the Coulter elec- 
tronic counter (Model B, Coulter Electronics, Hialeah, 
Florida), since Hirsch and Gallian (1968) and Sjostrom, 
Bjorntorp and Vrana (1971) have successfully used this 
instrument for counting and sizing fat cells. These investi- 
gators used osmium tetroxide fixative to liberate the fat 
cells and Hirsch and Gallian (1968) employed nylon mesh 
sieves to trap the cells and remove the stromal elements. 

The extreme expense of the osmium fixative, however, pro- 
hibited its use in this study and the 25y mesh screens could 


“not be obtained. 


An alternative procedure was tried in an attempt to 
obtain uncontaminated suspensions of free fat cells. These 
procedures (Rodbell, 1964a) involved collagenase digestion 
of tissue, mild centrifugation to float the liberated fat 
cells, repeated washing with buffer and aspiration of the 
infranatant buffer containing the sedimented stromovascular 
elements. The fat cells were then chilled at 4°c and fixed 


with glutaraldehyde-trichloroacetic acid as outlined by 
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Hirsch and Gallian (1968). These methods, however, resulted 
in considerable breakage. Also, a subsidiary peak was 

always present at small cell sizes (less than 40u) in the 
frequency distribution. This peak, whether due to stromal 
contamination, air bubbles or lipid droplets, could not be 
avoided, so other methods were sought for counting and sizing 


Oeecet 1s. 
Determination of Fat Cell Size 


Adipocyte size was determined on a preparation of 


isolated fixed cells using a microscope. 


Suspensions of free fat cells were prepared by col- 
lagenase digestion of tissue pieces, essentially as described 
by Rodbell (1964a). Samples of 300 to 400 mg were obtained 
by random sampling of pieces from the tissue mince. The 
pooled tissue pieces were placed in a plastic incubation vial 
in a metabolic shaker at 37°C and 80 cycles per minute for 
one hour. The vial contained 3 ml Krebs-Ringer bicarbonate 
buffer with half of the normal complement of calcium (Rodbell, 
1964a), 3uM glucose per ml, 40 mg albumin per ml (Baker, 
bovine serum albumin, Fraction V), and 3 mg bacterial colla- 
genase (Sigma, Cl. histolyticum Type 1, Lot 81 C - 0080). The 
contents of the vial were brought to a final pH of 7.4, with 
0.1N NaOH, for optimal collagenase activity for optimal col- 
lagenase activity (Rodbell, 1964a). The reduced complement 


of calcium was necessary to prevent precipitation. 
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After incubating for one hour, the vial was removed. 
Large pieces of tissue still remained at the surface and no 
amount of shaking or swirling was effective in releasing all 
the cells. Almost quantitative release of cells could be 
achieved, however, by repeatedly moving the -incubate in and 
out of a short-nosed, siliconized Pasteur pipette. The cell 
breakage caused by this procedure was not extensive, as evi- 
denced by the absence of large lipid droplets at the surface 


of the medium. 


The suspended cells were then washed by adding 10 ml 
cold buffer and swirling. The vial was allowed to stand un- 
disturbed for five minutes to float the free fat cells. The 
infranatant was then removed by aspiration through a siliconized 
Pasteur pipette using suction from a rubber bulb. An additional 
10 ml albumin-free buffer were added and the vial was placed at 


4°c to chill the cells. 


After one hour at Ace the infranatant was again re- 
moved by aspiration and the chilled cells were fixed in an 
aqueous solution containing 0.25 per cent trichloroacetic acid 
and 6.25 per cent glutaraldehyde, as outlined by Hirsch and 
Gallian (1968). Ten ml of the fixative solution were added 
to the chilled cells in the vial and after gentle swirling, 


the vial was returned to 4°c for one hour. 


After fixation for one hour, the vial was removed from 


the cold. A siliconized short-nosed Pasteur pipette was then 
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used to transfer several drops of the thick suspension of 
floating cells to a small vaseline containing - ring on a 
Siliconized glass slide. Two small drops of methylene blue 
were added. The strained suspension was then inspected under 
the low power (50X magnification) of a Vickérs microscope and 
was adjusted, by aspiration and by the use of Ringer solution, 
until the drop was slightly convex and the cells appeared as 

a dispersed single layer. Cell sizing was then carried out 

at 400X using a previously calibrated ocular micrometer. A 
Size distribution was obtained by grouping the cells into in- 
tervals of approximately eight microns. In this way, 300 cells 
could be sized in one hour. The size distribution was used to 
calculate mean cell diameter in the conventional manner (Appen- 


atx A) 
Determination of Mean Cell Volume 


Mean cell volume was calculated from the diameter data 
using the limits of the size intervals instead of the mid- 
points. This procedure was proposed by Di Girolamo, Mendlinger 
and Fertig (1971) to take into consideration the nonlinear 
transformation involved in converting diameters to volumes (V= 
™D?/6) . Thus, all cells falling within a class interval were 
assigned a volume equal to the average of the smallest and 
largest volumes in the interval. Subsequent steps for the cal- 


culation of mean cell volume are outlined in Appendix A. 
Determination of Average Size Distribution 


An average size distribution was obtained for each 
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group by pooling all of the size frequency data for all the 
rats in the group. In this way, a mean frequency was obtained 
for each size interval. The mean diameter and standard devia- 
tion of this pooled size distribution was plotted as a percen- 
tage frequency distribution to permit more meaningful 


comparisons between groups. 


A surface area transformation was made on this data 


in the same way as the volume transformation above (S.A=1D?) . 
Determination of Weight of Lipid Per Cell 


The mean lipid weight per cell was calculated for each 
rat from the mean cell volume by assuming a constant lipid 
density (0.915) equal to that of triolein. Thus, 


M = V x 0.915 x TO ee 


(g/cell) (pl) 
This calculation makes the assumption that the measured cell 
diameter is that of the lipid droplet of the cell, and that 


the cytoplasmic rim is negligible. 
Determination of the Lipid Content of the Tissue 


Lipid content of the fat tissue was determined as 
carboxyl ester content by the methof of Rapport and Alonzo 
(1955) after extraction in an isopropanol-heptane system 


(Dole and Meinertz, 1960). 
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Forty ml of an isopropanol : heptane mixture pre- 
pared according to Dole and Meinertz (1960), were placed in 
a Vertis homogenizing flask together with 8 ml of rat Ringer 
solution. A random sample of approximately 100 mg of minced 
pad segments. was placed in the flask and homogenized for 
five minutes for extraction of the lipids. Sixteen ml. of 
distilled water and 24 ml, of heptane were added to induce 
the most effective separation of the phases. After shaking 
and standing for 10 minutes, five 0.2 ml aliquots of the 
upper heptane phase were placed in clean test-tubes and eva- 
porated in a boiling water bath until only an oily residue 
remained (approximately two hours). From this stage, each 
test-tube was treated individually and the carboxyl ester 
content was determined colourimetrically by the hydroxylamine 
method of Rapport and Alonzo (1955). The ferric perchlorate 
required by this method was not available commercially, so 
it was prepared as outlined by Skidmore and Entenman (1962). 
Standards were run with each batch of samples. Optical den- 
sity readings were obtained on a Bausch and Lomb Spetronic 
20 spectrophotometer and a mean for the five aliquots was 
calculated. The lipid concentration was determined from the 
mean by using a regression equation developed from standard 
solutions of tripalmitin. By extrapolation from the aliquot 
to the original sample weight, an estimate of the lipid 


content of the tissue was obtained (see Appendix A). 
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Determination of Cell Number 


The total number of cells in the larger of the two 
epididymal pads was determined indirectly for each rat from 
the data on lipid contents of the pad and of the mean cell. 
Thus, 


Ge Llenumber = totals to1dsin pad (mg) x10>2ug lipid/cell 
Determination of Fatness Index 


An approximate index of fatness was derived for each 
rat, for purposes of this study, by dividing the total weight 
of epididymal fat in mg (the sum of two pads) by the body 
weight in grams. Thus, 


Fatness Index = mg epididymal fat + g body weight 


The assumption inherent in the use of this index is 


that epididymal fat is a constant proportion of total body fat. 
Statistical Analysis 


Group means and standard errors were calculated for 
all of the variables investigated in the study. A randomized 
group design analysis of variance was performed on each of 
the seven major variables and a Newman-Keuls range test was 
used to determine the differences between pairs of group means. 
The seven major variables were: body weight, weight of the 
larger pad, fatness index, mean cell diameter, ug lipid per 


cell, pad lipid content (%) and cell number. 
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The differences between the group means for each 
variable were considered significant at alpha less than 


0.05 and probability values were reported. 





CHAPTER IV 
RESULTS 


The raw data for all of the groups are listed in 
Tables Bl to B3 of Appendix B. The mean and standard 
error for each group on each variable appears in Table 4.1 
and group comparisons are presented diagrammatically in 
Figures 4.2 to 4.7. Figure 4.8 depicts the average fre- 
quency distribution of diameters (Table B4) for each 
group. The group growth curves are plotted in Figure 4.1 


from data in Table Bl. 


When the data was subjected to an analysis of 
variance, Significant F ratios (p< .001) were obtained 
for all seven variables: body weight, weight of the 
larger fat pad, Fatness Index, mean cell diameter, cell 
lipid content, per cent lipid in pad and cell number. 

The analysis of variance summary tables appear in Appendix 


D. 


Significant differences between pairs of means, 
as determined by the Newman-Keuls comparison procedure, are 
summarized in Table 4.2. The group sacrificed initially 


(Group I) was found to be significantly different (p < .01) 
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from all other groups on all seven variabies tested. In 
almost all cases, also, groups which were trarninga ais fhe 
time of sacrifice were significantly different from those 
which were sedentary in terms of fat pad weight, Fatness 
Index and cell size. No differences were found between 
any groups (except Group I) with regard to the number of 


cells or the per cent lipid in the pad. 
Body Weight and Fatness Index 


The body weights obtained for the rats at each week 
during the study were averaged for each group. The mean 
body weights at each week are presented in Table Bl, and 
weight progress is depicted graphically in Figure 4.1. 
Figure 4.2 is a block diagram of the group mean weights 
at the time of ‘sacrifice. ~All» sedentary rats had re- 
ceived restricted rations, throughout the study, equiva- 
lent to the average amount eaten by the exercising rats. 
Only the detraining rats received food ad libitum while 


they were sedentary. 


The Fatness Index obtained for each rat (Table B3) 
was averaged for each group and these mean values are 
VWieteduin Table 4-1. 84 blockediaqramma(Figure 4-3) jis also 


included for visual inspection. 


Body weights in all groups showed a progressive 
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increase throughout the first eight week period of the 
study. All three training groups (Groups T, TT and TS) 
had lower mean body weights than did the sedentary groups 
at this time (16 weeks of age). Group T was significantly 
lighter than Group S, but Group S had shown, a peculiarly 


rapid rate of growth. 


Beyond 16 weeks of age, the growth rate of Group 
SS slowly declined and had almost plateaued by 24 weeks. 
Group TT continued its delayed rate of growth and by the 
age of 24 weeks had reached the weight level of Group SS, 
despite a significantly lower Fatness Index. The Fatness 
Indices were 9.94 and 17.61 mg epididymal fat/g body weight, 


respectively for groups TT and SS. 


In the detraining group (Group TS), a very sharp 
increase in body weight was evident after the onset of 
sedentary life and of ad libitum feeding. The food intake 
of these rats appeared to increase during this period.* 

At 24 weeks of age, the mean body weight of the group was 
506 g and was significantly greater than that of all other 
groups, including Group SS (443 g) which had been con- 
tinuously sedentary throughout. Group SS, however, had been 


on restricted rations. Moreover, the weight of Group TS was 





ey Only crude estimates of food intake were obtained, so 
data are not presented. The food eaten was not measured for 
each rat, but only for the group as an average. Droppings were 
not collected. 
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62 
still rising rapidly at the end of the study, whereas Group 
SS had reached a plateau. The Fatness Index rose along 
with the body weight, but was not greater in Group TS than 


in Group SS at the time the study was terminated. 


In Group ST, the late-training "weight-loss" group, 
a distinct decline in body weight began shortly after the 
onset of training. The body weight dropped by 20 g and 
then rose again within a further two to three weeks. Food 
intake was observed to drop considerably during the weight 
Pose pericds At the time of sacrifice, the Fatness Index 
was intermediate between those for Groups T and TT and 


those for the sedentary groups (S, SS and TS). 
Fat Pad Weights 


Values for both left and right epididymal fat pads 
of all rats are listed in Table B3. The group mean weights 
for the larger of the two pads are presented in Table 4.1 
and diagrammed in Figure 4.4. All groups which were 
sedentary at the time of sacrifice had significantly larger 
fat pads than did those which were training. The only 
exception was the comparison between Group S and Group ot 
and this difference nearly reached significance. The fat 
pads of the late training group (ST) were larger than, but 
not significantly different from, those of the continuously 


trained groups. Similarly, neither the sedentary rats at 
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64 
16 and 24 weeks, nor the training rats at these times, were 
different with respect to this variable. The detraining 
group (TS) had the largest fat pads (42 6lemc)eoL alkk groups, 
but the difference was not sufficient to permit significance 


from other sedentary groups. 


The left epididymal pad was found to be larger than 
the right in six of the seven study groups, ire Or a Derecent 
of all rats and in 78 per cent of the training rats. When 
the difference between the group means for the two pads was 
expressed as a per cent of the weight of the smaller pad, 
the differences were -8, °4, 3°2, 2:3, 2°4 and 10 per cent 
respectively for groups I, S, T, SS, TT, TS and ST. When 
individual animals were examined, the largest difference 


observed was one of 26 per cent for a rat in Group ST. 
Pad Lipid Content 


The per cent of pad weight which was lipid was found 
to be an extremely variable component in the study. Only 
the initial group (Group I), with a lipid content Gime > per 
cent, yielded significant differences. In all the other 
groups, the mean pad lipid content was in the xange 79 to 
88 per cent (Table 4.1 and Figure Geyer buL shesrange: of 


variation within each group was about 30 per cent (Table 3h 
Cell Size 


Diameters of 200 to 300 cells were measured for each 
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PLATE 4.1 MICROSCOPE SIZING OF FAT CELLS 


Light microscope X40 showing dark spherical adipocytes 
(A), stromal fibres (S), and pale lipid droplets (L) 
Phase objective X100 

Phase objective X400 
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rat (Plate 4.1). The frequency distributions of cell diameter 
appear as raw data in Table B2. Mean cell diameter Cj) » mean 
cell volume (pl) and cell lipid mass (alg ) are presented for 
each rat (+ standard error) in Table B3 and for each group (+t 
standard Error) an Mable 4.1.) 8Cell size, fexpressed as Mg 


lipid/cell, is depicted diagrammatically in Figure 4.6. 


An average distribution of cell diameters was cal- 
culated for each group by pooling, in a weighted manner, 
the individual distributions. These data are tabulated in 
Table B4 and plotted in Figures 4.8 and 4.9. In these average 
tributions, frequencies are expressed, for group comparison 
purposes, aS a percentage of the mean number of cells sized. 
Figure 4.8 clearly demonstrates the normality of cell size 


distributions when cell diameter is used as the size index. 


Evaqures 400 .ande4. Jealsovrllustrate 4 tendency - for ithe 
group distributions to be clumped in relation to treatment. 
Group I forms a sharp peak at 56M distinct from those of 
other groups. The training groups (T, TT and ST) form an 
intermediate clump with peaks between 69 and 75M , while the 
sedentary groups (S, SS and TS) exhibit more diffuse dis- 
tributions which peak between 90 and 93) . The peaks within 
each of these three clumps were significantly different 
(p <.01) from those in the other clumps, but not from each 


other (Table 4.3). When these mean cell diameters were sub- 
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68 
jected to a volume transformation, the cell volumes for the 
three clumps were approximately in the ratio 1:2: 4 
frante 4.1). “thus, tne fat cells ‘of the sedentary “rats 
contained, on the average, twice as much fat as did the 
ferrewor the training rats. “ihe training rats, ‘in turn, 
had a lipid volume per cell which was twice that of the 
seven week old rats in Group I. The largest cells observed 
Porethe various groups were 100, 1147, 130, “130, "240, ~150 


and 150u respectively for Groups I, T, TT, ST, S, SS, TS. 


The mean surface area per cell, as calculated from 
the average size distribution for each group, is reported 
in Table 4.1. The mean surface area/volume ratio for each 
group is also presented in Table 4.1. The mean surface area/ 
volume ratios are clumped in the same way as the diameters: 
Group I has a mean ratio of 98.9 u?/pl; the three training 
groups (T, TT and ST) have mean ratios of 80.6, 76.7 and 73.6 
u?/pl; the three sedentary groups (S, SS and TS) have ratios 
GimG2 > 700i eandso.. 0 u-/pl, respectively. On the average, 
the three training groups had 25.6 per cent more surface 


area per unit of contained lipid than did the sedentary groups. 
Cell Number 


The number of mature fat cells in the larger fat 


pad is listed for each rat in Table B3 and the mean for each 
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68a 
group is in Table 4.1. Between seven weeks of age (Group I) 
and 16 weeks of age (Groups S and T) greater than a two-fold 
increase in cell number occurred (p .01), but beyond 16 
weeks, no Significant changes were observed. Larger cell 
complements were recorded for the continuously trained 
group than for the sedentary group at both 16 weeks of age 
and 24 weeks of age, but significance was not attained. 
Wide variations in cell number were observed within each 


group. 
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CHAPTER V 
DISCUSSION 
Effects of Training Upon Growth Rate and Fat Deposition 


The progressive body weight gain which occurs during 
normal growth is the result of both fat accumulation and an 
increase in the lean body mass. The results of this study 
clearly demonstrate the capacity of daily endurance exercise 
to limit fat accumulation in rats during growth. The fat 
pad weights and Fatness Indices of the continuously training 
rats were slightly less than half of the respective values 
for the sedentary groups at 16 and 24 weeks of age. Never- 
theless, the Fatness Indices of the training groups (T and 
TT) were almost twice as high as those determined for seven 
week old rats. This indicates that fat accumulation occurs 
at a much more rapid rate than does increase in body weight, 


even in training animals. 


In addition to decreasing the fat pad weights, how- 
ever, training appeared to produce an increase in the lean 
body mass. This was evident in two cases: firstly, by the 
training rats in Group TT, which reached the same body weight 


as Group SS at 24 weeks despite significantly less epididymal 





70 
fat; and secondly by the detraining group (TS) which attained 
a significantly greater body weight than Group SS at 24 weeks, 
even though fat pad weights and Fatness Indices were similar 
in the two groups. Presumably this weight gain, which was de- 
layed relative to the sedentary rats, was due to muscle 
hypertrophy and deposition of bone salt as a result of the 


physical activity. 
Effects of Training Upon Fat Cell Number 


Severe under-nutrition in pre-weaning rats (Knittle 
and Hirsch, 1968) and sustained cold-exposure (herr auLe, 
Hubbard and Mellin, 1969) in rats of 50 to 75 g (immediate 
post-weaning) have been found capable of modifying adult fat 
cell number; the former had a limiting effect while the 
latter caused an increase. However, no stimuli applied to 
experimental animais beyond this young age have been found 
to alter significantly the adult cell quota (Hirsch and Han, 
1969; Hollenberg, Vost and Patten, 1970; Hubbard and 
Matthew, 1971; Johnson et al., 1971). The endurance train- 
ing stimulus pepiied to seven week old rats in this study 
does not appear to be an exception. All of the groups 
which received some training, whether early, late or con- 
tinuously, tended to have larger cell complements than 
the sedentary groups (S and SS), but none of these adic 
ferences attained significance. These results generally 


support the conclusions of Goss (1964) and of Enesco and 
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Leblond (1962) that, beyond the initial growth period, 
static tissues are very reluctant to compensate for changes 
in functional load by adjusting the cell numbers. Since 
nerve is also a static tissue, it appears probable that 
adipocyte hyperplasia may be limited beyond the neonatal 


period when innervation has become established. 


The results with the various stimuli, then, tend to 
suggest that the rate of cell proliferation is not subject 
to modification beyond seven weeks of age, yet the number 
of mature fat cells present in the pad continues to increase 
until 15 weeks of age (Hirsch and Han, 1969; Hubbard and 
Matthew, 1971). Moreover, prolonged semi-starvation 
(Hubbard and Matthew, 1971) and sustained cold-exposure 
(Therriault, Hubbard and Mellin, 1969) can delay the 
acquisition of the full cell quota. Any one of three al- 


ternatives could explain these apparent contradictions: 


(i) if cell division can continue beyond seven 
weeks of age, and if the rate of proliferation is modifi- 
able, then the eventual number of cells, or the ultimate 
number of cell divisions, is self-limiting; 

(ii) that the full adult cell quota may be present 
in the fat pad by seven weeks of age, partly in the undetec- 
table form of immature primordial cells, and that stimuli 


beyond this age may modify the rate of differentiation, but 
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not proliferation, of those pre-existing cells; 
(iii) that the methods presently available, and the 
experimental designs possible, are not sufficiently power- 


ful to detect minor changes in cell number. 


Tt is not possible on the evidence available, to 
elaborate on the first two aiternatives, but the second 
would seem to be the more likely explanation. The third 
possibility deserves some further comment. Studies with 
both rats and humans have, of necessity, been of a cross~ 
sectional nature; ie, one rat or one human cannot be sampled 
throughout growth. In view of this fact, and the large 
individual variations which appear to exist in the "normal" 
adult cell complement, an extremely large number of sub- 
jects would have to be used to detect small differences in 


eell numbers... fo date such studies have not been conducted. 


Nevertheless, it can be concluded that if hyperplasia 
does play any role in the adaptive expansion of adipose mass, 
the role is minor relative to the changes which occur ingcell 


volume. 
Effects of Training on Fat Cell Size 


Cellular hypertrophy in the adipose tissue was 
found to be effectively limited by the training stimulus, 


either directly or indirectly, to a volume approximately 
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half of that found in sedentary rats. Palmer and Tipton 
(1972) have also found a decrease in fat cell size when 
Sprague-Dawley rats were trained for 10 - 13 weeks. Ac- 
cording to hormonal sensitivity studies on isolated fat 
cells, this small cell size would accrue upon the trained 
rat a lesser absolute capacity to mobilize and deposit 
lipid, but a greater efficiency per unit weight of stored 
lipid. This efficiency aspect would be an advantage in 
such activities as endurance running, where weight economy 
is vital. The observed effects of training upon fat cell 
size agree with the literature reports which represent 
cell size variations as being the predominant factor in the 


fluctuations of adipose mass. 


In addition to the differences in mean cell size 
between the sedentary and training groups, there was also 
an effect upon the shape of the cell size distribution. 

In sedentary rats, the distribution was more diffuse, while 
in the trained rats, the cells were more homogeneous in 
size. Similar observations have been made by Di Girolamo 
and Mendlinger (1971) and Bonnet et al. (1971). The method 
of attainment of the compact size distribution in trained 
animals, however, is not immediately evident. The aistri- 
bution differences would not seem to be readily explainable 
in terms of hormonal sensitivity considerations. One 


plausible explanation would be the existence in the tissue 
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74 
of many small compartments of cells (Bonnet et al.,1971), 
presumably each with its own trophic nerve. The sympathe- 
tve discharge with training or other stresses may be 
sufficient to selectively drain the larger adipocyte groups 


so that a more homogeneous distribution results. 


Ptrtects of Detraining in Adult Rats 


The results suggest that Group TS accumulated fat very 
rapidly after cessation of training at 16 weeks of age. 
Though the reduced energy output must be the major factor 
involved, a measured increase in food intake accompanied 
the onset of sedentary life and must partly account for 
the large fat pads found in these rats. By 24 weeks of 
age, when the rats were sacrificed, the Fatness Index in 
this group was comparable to that of the continuously 
sedentary group, but the body weight of the detraining 
Pecsewas still vinereasing rapidly, whereas Group SS had 
reached a plateau. However, since the sedentary rats were 
on a slightly restricted diet, this comparison has only 
limited significance. The fat pad weights recorded by 
Taylor, Booth and McBean (1972), for ad libitum fed eontrol 
animals of the same age, were considerably higher than those 


obtained in the present study. 


The detraining group had been fed ad libitum to 


maximize the stimulus to fat accumulation, and the results 


7) 





15 
clearly indicate that the effects of the training program, 
in limiting adipose mass, can be readily reversed by an 
excessive caloric stimulus. The number of mature fat cells 
in the pad was not significantly different from that, of, any 
other group, so the large amounts of fat accumulated during 
detraining must have been deposited, Dei manly jwanspre— 
existing cells. The mean cell size of 904A, similar to 
that of the sedentary rats, attests to this conclusion. A 
similar excessive cell hypertrophy, without a change in 
cell number, has been observed in cases of hyperphagia in- 
duced either in young or adult rats by gold- thioglucose 
injection or hypothalamic lesion (Hirsch and Han, 1971; 


Johnson et al., Lose 


Effects of Training Upon Sedentary Adult Rats 


When Group ST was subjected to physical training 
beyond 16 weeks of age, body weight dropped by 20 g but 
rose again by 24 weeks as a result of normal growth in 
lean body mass. Fat pad weights and Fatness index ate the 
end of the study were intermediate between those of the 
continuously trained (TT) and continuously sedentary (SS) 
rats, but only the differences from the sedentary rats 
were significant. The weight loss, however, could be attri- 
buted only partly to the exercise effects, since food intake 
was also observed-to decrease with the onset of training and 


possibly some degree of stress or trauma was involved. 
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The reduction which occurred in the fat pad/body 
weight ratio appeared to be due entirely to changes in the 
Size of the fat cells. No cell number differences were 
observed between the groups. After eight weeks of training, 
the cells had been reduced to 75M, a size which was not 
significantly different from the mean diameter of 724 
found for the continuously trained rats. These results 
concur with literature reports for both animals (Hirsch 
and Han, 1969) and humans (Hirsch and Knittle, 1970; Bray, 
1970; Brook, 1970), in which weight loss in adults was in- 
duced by various combinations of reduced food intake and 
increased activity. Since cell number is not reducible 
by these methods, permanent weight loss could inot sbe ex- 
pected to occur unless the activity and dietary restrictions 
were maintained. These results agree with the conclusions 
of Goss (1964, 1970) regarding the irreversible nature of a 
cellular commitment in non-mitotic tissues, and further 
justify the classification of adipose tissue as such a 


static tissue. 
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CHAPTER VI 


SUMMARY AND CONCLUSIONS 


Summar 


The effects of endurance training, detraining and 
late training (weight loss), upon the size and number of 
epididymal fat cells were investigated in 63 male rats. 
Two successive eight week growth periods, from seven to 
sixteen weeks and from 16 to 24 weeks respectively, were 
studied. Fifteen weeks was considered to be a critical 
age beyond which the number of mature fat cells is no 
longer subject to change. Body weight, fat pad weights, 
Fatness Index and pad lipid content were determined and 
suspensions of fixed jsolated fat cells were used for 
microscopic measurement of cell diameter. Cell number was 
determined indirectly from the lipid contents of mean cell 


and whole pad. 


Training, whether Garivypetater ol continuous, had a 
substantial effect upon limiting the accumulation of fat 
in the body. At both 16 and 24 weeks of age, the sedentary 
groups had significantly larger fat pads and Fatness Indices 


than did the training groups. Weight loss in adult rats led 
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78 
to a significant reduction in body fat content, while de- 
training resulted in an even more significant accumulation 


of adipose mass. 


Between seven and sixteen weeks of age, cell volume 
increase two-fold in trained and four-fold in sedentary 
rats, while cell number showed greater than a two-fold 
increase in both groups. Beyond 16 weeks of age, there 
was no change in cell number and also no change in cell 
size. Training, whether early, late or continuous, did 
not significantly affect cell number, but was effective in 
maintaining or reducing cell volume to a level approximately 
half of that found in sedentary rats. All the effects of 
detraining and weight loss in adult rats were evident in 
the cell size changes. Detraining was accompanied by a 
return of cell size to sedentary levels, so the effects of 


early training were not sustained. 


Though training had no significant effects upon 
cell number in this study, all four groups which had re- 
ceived some training had larger cell complements thean;did 
the sedentary groups. Significance was not attained be= 
cause of the wide variation in cell number between the rats 
within each group. This suggests the need for a more 
powerful experiment with considerably more subjects and pre- 


ferably a repeated measures design. 
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Fhe, 
The extent to which these results can be generalized 
to humans is severely limited, due to large differences in 


the life-span and the duration of the pre-maturation periods. 


Conclusions 


Within the limitations of the study, the following 


conclusions were drawn: 


(1) fat cell number continues to increase until 16 weeks of 
age in the rat, but endurance training beyond very 
early life (after seven weeks of age) does not affect 
significantly the adult fat cell complement; 

(2) physical training is extremely effective in limiting 
adipocyte hypertrophy and, by this effect alone, can 
reduce two-fold, the accumulation of fat which nor- 
mally occurs during growth. 

(3) detraining and late training (weight loss) in adult 
rats result in significant alterations in fat cell 


size, but no modification of the fat cell number. 
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TABLE B2 (continued) 
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TABLE B4 AVERAGE SIZE DISTRIBUTIONS 
(FREQUENCIES EXPRESSED AS A PER 
CENT OF THE TOTAL NUMBER OF 
CELLS COUNTED) 
Group Ai S db SS id 
Diameter 
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Analysis of Variance 


A randomized group design analysis of variance (Edwards, 
1968: 118-120) with seven treatments (k) and nine subjects 
(n) in each treatment was used to analyse the treatment 


effect on each of the seven variables. 


Basic summary table: 
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Source of Variation Sum of Squares df Mean Square F 


rr 























Treatments k=-1 
Within treatments (error) Hed ame= 20) 
Total (n-1) 
ee eee ee eee ee 
where:— Total sum of squares = Ny es ao (= ye 
1 kn 
Treatment sum of squares = a Biiany = eartone 
1 n kn 
Within treatment sum of squares = total S.S. - 
treatment S.S. 
Mean square for treatments = treatments S.S. -. (k-1) 
Mean square within treatments = within treatments 
SiS cue hie) 
ie = M.S.n i M.S.u 
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Newman-Keuls Multiple Comparison Procedure 
The Newman-Keuls multiple comparison test is a modified 


studentized range statistic (q) used to probe the signifi- 


cance of the differences between ordered means (Winer, 


1962: 80-87). Thus, for any two means in an array, 
pee OX oe = 
Bel 2 and xX xX, =e Choate S.E.5. 
Sete 
= 


The critical value for this comparison is q ae (Ge 5 
d.f.) and the shortest significant range for the mean dif- 


pemencesis Gey x (Ly d.f.) * S.E.x. 


In each case, r is the number of steps that the two 
means are apart on an ordered scale and d.f. is the number 


of degrees of freedom associated with the error estimate. 


If variances are assumed to be homogeneous, a pooled 
estimate of the standard error can be used. Thus, 


MS error 
~Ee> =,/—-—— 
SE ore i a 


where n is the number of observations making up each 


mean. 


itech. > ae ffs euee)) ere. Gee xX) 7 X5 > at ea Ga he else o 


MSSeCLrOr : : F 
4 /—-————_ , then the difference between the two means is Sig- 
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nificant at the level of - 
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APPENDIX D 


RESULTS: ANALYSIS OF VARIANCE AND MULTIPLE 
COMPARISON SUMMARY TABLES 
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